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ABSTRACT
The Disk Substructures at High Angular Resolution Project used ALMA to map the 1.25 millimeter
continuum of protoplanetary disks at a spatial resolution of ∼ 5 au. We present a systematic analysis
of annular substructures in the 18 single-disk systems targeted in this survey. No dominant archi-
tecture emerges from this sample; instead, remarkably diverse morphologies are observed. Annular
substructures can occur at virtually any radius where millimeter continuum emission is detected and
range in widths from a few au to tens of au. Intensity ratios between gaps and adjacent rings range
from near-unity to just a few percent. In a minority of cases, annular substructures co-exist with other
types of substructures, including spiral arms (3/18) and crescent-like azimuthal asymmetries (2/18).
No clear trend is observed between the positions of the substructures and stellar host properties. In
particular, the absence of an obvious association with stellar host luminosity (and hence the disk
thermal structure) suggests that substructures do not occur preferentially near major molecular snow-
lines. Annular substructures like those observed in DSHARP have long been hypothesized to be due
to planet-disk interactions. A few disks exhibit characteristics particularly suggestive of this scenario,
including substructures in possible mean-motion resonance and “double gap” features reminiscent of
hydrodynamical simulations of multiple gaps opened by a planet in a low-viscosity disk.
Keywords: protoplanetary disks—ISM: dust—techniques: high angular resolution
1. INTRODUCTION
Exoplanet surveys have uncovered remarkable diver-
sity in the masses, radii, and composition of exoplanets,
as well as in the overall architectures of exoplanetary
systems (e.g., Howard et al. 2010; Borucki et al. 2011;
Winn & Fabrycky 2015; Fulton et al. 2017). These wide
Corresponding author: Jane Huang
jane.huang@cfa.harvard.edu
variations in properties are thought to be closely tied to
differences in where and when planets formed in the pro-
toplanetary disks orbiting young stars (e.g., O¨berg et al.
2011b; Mordasini et al. 2012; Lee & Chiang 2016). Re-
cent discoveries of complex features in protoplanetary
disks, such as annular substructures, spiral arms, and
high-contrast azimuthal asymmetries, have fueled inter-
est in using observed disk morphologies to infer the prop-
erties of an unseen population of newly-forming planets
(e.g., Muto et al. 2012; van der Marel et al. 2013; ALMA
Partnership et al. 2015; Isella et al. 2016).
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Of these various types of small-scale features, annular
substructures have been reported most often. They have
predominantly been detected in millimeter continuum
emission tracing larger (∼millimeter-sized) dust grains
in the disk midplane (e.g., Andrews et al. 2016; Fedele
et al. 2018; Long et al. 2018a), but have also been ob-
served in scattered light tracing sub-micron-sized dust
grains in the disk atmosphere (e.g., van Boekel et al.
2017; Avenhaus et al. 2018; Muro-Arena et al. 2018)
and in molecular emission (e.g., Isella et al. 2016; Fedele
et al. 2017; Teague et al. 2017). The detections of these
annular substructures are particularly intriguing with
respect to planet formation theory because numerical
simulations have long predicted that a sufficiently mas-
sive protoplanet will trigger density waves that eventu-
ally shock and create disk gaps (e.g., Papaloizou & Lin
1984; Bryden et al. 1999; Nelson et al. 2000).
However, it has been unclear whether annular sub-
structures (or any other kind of substructure, for that
matter) necessarily arise from planet-disk interactions,
and a number of other hypotheses have been proposed
to explain their origins. One set of hypotheses sug-
gests that condensation of certain molecular species may
affect how dust grains fragment, grow, and drift, in
turn causing dust to accumulate in proximity to vari-
ous snowlines (e.g., Banzatti et al. 2015; Zhang et al.
2015; Okuzumi et al. 2016; Pinilla et al. 2017). Another
group of proposed mechanisms explores the effects of
coupling between magnetic fields and disk material, such
as zonal flows arising from magnetorotational instabil-
ity (MRI) turbulence (e.g., Johansen et al. 2009; Bai
& Stone 2014; Simon & Armitage 2014), surface den-
sity enhancements at the edges of dead zones (e.g., Lyra
et al. 2015; Flock et al. 2015; Ruge et al. 2016), and the
spontaneous concentration of magnetic flux (e.g., Bai &
Stone 2014; Be´thune et al. 2017; Suriano et al. 2018).
Other proposed mechanisms have focused on instabili-
ties arising from interactions between gas and dust, in-
cluding secular gravitational instabilities resulting from
friction between gas and dust (e.g., Takahashi & Inut-
suka 2014) or dust-driven viscous ring-instability result-
ing from dust drift altering the viscosity profile of the
disk and amplifying density perturbations (Dullemond
& Penzlin 2018).
While much of our current knowledge of disk substruc-
ture comes from serendipitously discovered case studies,
establishing the origins of annular substructures in disks
can be facilitated by a systematic analysis of their prop-
erties. To that end, we undertook the Disk Substruc-
tures at High Angular Resolution Project (DSHARP),
the first high angular resolution ALMA survey of disks
(Andrews et al. 2018b). Substructures are detected in
the 1.25 millimeter continuum emission of all 20 sources,
lending weight to the notion that millimeter continuum
substructures are common and perhaps even ubiquitous.
In this work, we present an analysis of the annular sub-
structures observed in single-disk systems. Analysis of
the two multiple-disk systems in DSHARP is presented
in Kurtovic et al. (2018). Section 2 provides a brief
overview of the disk sample. In Section 3, we measure
the locations, widths, and contrasts of the substructures.
In Section 4, we examine trends in their positions and
sizes. Section 5 comments on possible origins for the
substructures and discusses implications for their preva-
lence in the general disk population. Section 6 summa-
rizes the main findings.
2. SAMPLE OVERVIEW
DSHARP targeted 20 systems, 18 of which are single-
disk systems (i.e., all sources except AS 205 and HT
Lup). In the context of this paper, “the DSHARP sam-
ple” refers specifically to these 18 disks. Angular resolu-
tions range from ∼ 30 to 60 mas, probing scales of ∼ 5
to 8 au. Stellar properties, including distances, masses,
accretion rates, ages, and luminosities, are listed in Ta-
ble 1 of Andrews et al. (2018b). The analysis in this
work is based on the “fiducial” images presented in An-
drews et al. (2018b), which also provides details about
the observational setup and the calibration and imag-
ing procedure. Table 4 of Andrews et al. (2018b) pro-
vides basic information about these images, including
synthesized beam sizes, peak intensities, continuum flux
densities, and image rms noise levels.
Some portions of the analysis fold in publicly available
continuum observations of HL Tau and TW Hya taken
at comparable spatial resolution and sensitivity. The
TW Hya analysis uses the 1.0 mm image presented in
Huang et al. (2018a) and the HL Tau analysis uses the
1.0 mm image presented in ALMA Partnership et al.
(2015). Although 1.3 mm continuum observations are
available for both sources (ALMA Partnership et al.
2015; Tsukagoshi et al. 2016), the 1.0 mm images are
used instead because of their better angular resolution
and uv coverage.
3. DISK FEATURES
3.1. Radial locations of annular substructures
We use the term “annular substructures” to refer col-
lectively to the “bright” and “dark” annuli visible in
the DSHARP 1.25 mm continuum images. Colloquially,
the “bright” and “dark” features are often referred to as
“rings” and “gaps,” respectively (e.g., ALMA Partner-
ship et al. 2015; Isella et al. 2016; Fedele et al. 2017).
Figure 1 shows the 1.25 mm continuum images of the
DSHARP sources with labeled annular substructures.
The three-part procedure used to identify and label
these substructures is explained below.
First, many of the emission features manifest as well-
separated series of ellipses. The positions of such dis-
tinct substructures are measured in a manner similar
to that employed for the HL Tau disk in ALMA Part-
nership et al. (2015). We perform a preliminary depro-
jection of each disk image using estimates of the disk
orientation from either a Gaussian fit to the image or
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Figure 1. ALMA 1.25 mm continuum images of the DSHARP sample, ordered by decreasing stellar luminosity (see Table 1
of Andrews et al. 2018b) from left to right and top to bottom. An arcsinh stretch is applied to the color scale of each disk to
increase the visibility of substructures in the outer regions. Axes are labeled with angular offsets from the disk center. Annular
substructures are marked with dotted arcs (gaps) or solid arcs (bright emission rings). The synthesized beam is shown in the
lower left corner of each panel.
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Figure 1. Continued
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from measurements of previous ALMA observations of
certain axisymmetric sources (Fedele et al. 2018 for AS
209, Dipierro et al. 2018 for Elias 24, and Andrews et al.
2018a for Sz 114 and GW Lup). For each substructure
of interest, the radial intensity profile is measured along
a series of evenly spaced azimuthal angles in the de-
projected image. The azimuthal angle spacing is set to
be on the order of a spatial resolution element—that
is, if the FWHM of the major axis of the synthesized
beam is bmaj and the feature occurs roughly at radius
r in units of arcseconds (estimated from visual inspec-
tion), then the azimuthal angle spacing in degrees is
∆θ ∼ 360◦ × bmaj/2pir (with some minor adjustment so
that ∆θ is a divisor of 360). In each of the n intensity
profile cuts, we search for either a local maximum (if the
substructure of interest is a bright ring) or minimum (if
the substructure is a gap), generally using a search win-
dow of ∼ 6 to 20 au around r depending on the apparent
width of the feature. If an extremum cannot be iden-
tified in a given intensity profile cut due to insufficient
angular resolution arising from the disk projection or to
low SNR, that azimuthal angle is excluded. In addition,
the azimuthal angles where the spiral arms cross the gap
(−117◦ < θ < −76◦ and 68◦ < θ < 123◦) are excluded
for the Elias 27 disk, and the azimuthal angles spanned
by the bright crescent on the southeast side of the HD
143006 disk (80◦ < θ < 144◦) are excluded when fitting
its outermost ring. The azimuthal angle conventions are
explained in Appendix A.
The n locations of the sampled extrema are mapped
back to pixel coordinates for the original image. An
ellipse is then fit to the n coordinates extracted for a
given annular substructure. The model ellipse is defined
by five parameters: the offset of the ellipse center from
the phase center (∆x and ∆y), the semi-major axis of
the ellipse (r0), the length ratio of the semi-minor to
semi-major axis (i.e., the cosine of the disk inclination,
cos i), and the position angle (the angle east of north by
which the major axis is rotated). The absolute offsets
are not physically significant since phase centers were
sometimes adjusted to align execution blocks (see de-
tails in Andrews et al. (2018b)), but they are necessary
for subsequent calculations of the radial profile. The
quality of the fit of the model ellipse to the measured
coordinates of the annular substructure is assessed by
computing the orthogonal distances di between the mea-
sured coordinates and the model ellipse. The orthogo-
nal distance between a point (x, y) and a curve f(x, y) is
the minimum Euclidean distance between the point and
the curve. Formulae for calculating orthogonal distances
from an ellipse are provided in Zhang (1997).
The log-likelihood takes the form
lnL = −1
2
n∑
i=1
[
d2i
σ2
+ ln(2piσ2)
]
, (1)
where σ is the standard deviation of the orthogonal dis-
tances. It is not straightforward to estimate σ directly
from the image; although it is tied to the angular res-
olution, it also depends in some fashion on the SNR of
the substructure emission. Thus, in addition to fitting
for the five parameters defining the position and orienta-
tion of the ellipse, we allow lnσ2 to be a free parameter.
Uniform priors are specified for ∆x, ∆y, and r0 over the
range (−4.′′5, 4.′′5) based on the typical image size. A
uniform prior is also specified for lnσ2 over the range
(−15,−5), under the assumption that the synthesized
beam roughly sets the largest possible value of σ and
the pixel size roughly sets the lowest. In practice, the
best fit values for lnσ2 generally end up being between
−10 and −8, with uncertainties of a few tenths. Gaus-
sian priors for cos i and position angle (P.A.) are spec-
ified for the aforementioned axisymmetric sources with
previous ALMA measurements. Otherwise, a uniform
prior for cos i in the range (0, 1) and P.A. in the range
(0◦, 180◦) are adopted (i.e., the smaller angle east of
north is adopted as the position angle, and the direction
of the angular momentum vector is not considered be-
cause it cannot be determined unambiguously for many
of the disks). For HD 143006 and WaOph 6, the bounds
for the P.A. are set to (90◦, 270◦) because the major
axis of the disk appears to be relatively close to 180◦
(e.g., Cox et al. 2017; Benisty et al. 2018).
The posteriors are explored with the affine invariant
MCMC sampler implemented in emcee (Goodman &
Weare 2010; Foreman-Mackey et al. 2013). Each ensem-
ble consists of 30 walkers and proceeds for 20,000 steps,
with the first 500 steps discarded as burn-in. Conver-
gence of the MCMC chains is assessed by checking that
the number of steps significantly exceeds the autocorre-
lation time (typically on the order of 102).
The posterior medians for each well-resolved substruc-
ture are listed in Table 1, with error bars calculated from
the 16th and 84th percentiles. If the annular substruc-
ture’s coordinates were extracted by searching for local
minima in the radial profile cuts, it is labeled with the
prefix “D” (for “Dark”), followed by the semi-major axis
of the best-fit ellipse rounded to the nearest whole num-
ber of au. Similarly, if the annular substructure’s coor-
dinates were extracted by searching for local maxima,
it is labeled with the prefix “B” (for “Bright”), again
followed by the semi-major axis of the best-fit ellipse
rounded to the nearest whole number of au. This nam-
ing convention is adapted from that used for HL Tau in
ALMA Partnership et al. (2015). However, instead of
naming the substructures based on the order in which
they appear in the disk, we use the radial location of the
substructure because precise distances are now available
from Gaia (Gaia Collaboration et al. 2016, 2018), and
we favor a system that can flexibly accommodate addi-
tional substructures identified in future observations.
The second part of our procedure addresses features
that do not lend themselves well to ellipse-fitting due
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Figure 2. Deprojected and azimuthally averaged radial intensity profiles ordered by decreasing stellar luminosity from left to
right and top to bottom. Light blue ribbons show the 1σ scatter at each radial bin divided by the number of beams spanning
the angles over which the intensities are measured. Solid gray lines mark emission rings and dotted black lines mark gaps listed
in Table 1. The Gaussian profiles show the FWHM of the minor axis of the synthesized beams.
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Figure 3. Radial intensity profiles plotted on a logarithmic scale for the largest DSHARP disks, ordered by descending stellar
luminosity from left to right and top to bottom. Light blue ribbons show the 1σ scatter at each radial bin divided by the number
of beams spanning the angles over which the intensities are measured. The y−axis starts at 10−2 mJy beam−1, corresponding
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to lower SNRs or insufficient angular resolution along
the projected disk minor axis. The positions of these
substructures are instead identified through examina-
tion of the deprojected and azimuthally averaged radial
intensity profiles. In order to deproject the disks, P.A.s,
inclinations and center positions first need to be calcu-
lated. For most disks, these quantities are computed by
taking weighted averages of the ellipse fits for the annu-
lar substructures. For WSB 52, MY Lup, DoAr 33, HD
142666, and SR 4, P.A.s, inclinations, and center posi-
tions are instead computed by fitting two-dimensional
Gaussians to the images with the imfit task in CASA.
Even when an intensity profile deviates from a Gaussian,
a Gaussian fit should still provide a good estimate of the
source inclination and P.A. provided that the emission is
axisymmetric and much larger than the PSF (e.g., Bern-
stein & Jarvis 2002). To double-check that Gaussian
fitting yields reasonable results, we also fit Gaussians to
disks with well-defined rings (and therefore highly non-
Gaussian profiles) and find that the results generally
agree with those from ellipse-fitting within one degree.
The measurements for all disks are listed in Table 2.
Radial intensity profiles are then calculated for each
disk by using the previously derived geometries to de-
project the disk, binning the pixels in annuli one au
wide, and averaging the intensities in each bin. For most
disks, the average is taken through all azimuthal angles.
For HD 143006 and HD 163296, angles where the outer
disk emission asymmetry is visible are excluded from
the average (80◦ < θ < 144◦ and 50◦ < θ < 130◦, re-
spectively). For disks with higher inclinations (Elias 20,
DoAr 25, MY Lup, WSB 52, HD 142666, and HL Tau),
only azimuthal angles that are within ±20◦ (as mea-
sured in deprojected coordinates) of the projected disk
major axis are included in the average because most of
the substructures are poorly resolved along the minor
axis. The radial profile is calculated in a similar manner
for Sz 114 as well due to the extreme elongation of the
synthesized beam. Figure 2 shows the labeled radial in-
tensity profiles. Figure 3 provides logarithmically scaled
radial intensity profiles of the disks exceeding 100 au in
radius in order to show the substructures in the faint
outer regions more clearly.
The radial locations of additional annular substruc-
tures are identified by searching for local maxima
and minima in the averaged radial profiles and cross-
referencing with the original image to verify that
they correspond to annular features rather than non-
axisymmetric features such as spiral arms. The uncer-
tainty on the radial location of each extremum is esti-
mated as the width of the radial bin (i.e., one au). The
positions of features measured through ellipse-fitting
are checked for consistency with the positions measured
from the averaged radial intensity profiles.
Finally, for certain disks (e.g., MY Lup and DoAr 33),
there are regions of the radial profile that are “plateau”-
like rather than local maxima or minima. We classify
them as annular substructures because they still ap-
pear to represent deviations from standard “smooth”
disk profiles (e.g., Andrews et al. 2009; Tazzari et al.
2017). This is in part justified by optical depth es-
timates (Section 3.5) indicating that many of these
“plateaus” in the intensity profile may trace local ex-
trema in the surface density profile. The inner and outer
edges of the “plateau” regions are identified through
visual inspection, with some guidance from checking
where 1Iν(r)
dIν(r)
dr , the radial intensity profile slope di-
vided by the radial intensity, exceeds −0.05 (i.e., where
the radial decrease of the intensity is relatively small).
The inner edge of the “plateau” is labeled with the pre-
fix “D” followed by its radial location in au rounded to
the nearest whole number. Similarly, the outer edge of
the “plateau” is labeled with the prefix “B” followed
by its radial location. Because of the greater degree
of subjectivity involved in identifying the locations of
these features compared to identifying local extrema in
the emission profiles, approximate locations are listed
in Table 1 without formal error estimates. However, the
precision should be on the order of the scale of the syn-
thesized beam (i.e., a few au).
For comparison, the annular substructure locations for
the TW Hya and HL Tau disks are appended to Ta-
ble 1. The small difference in the continuum frequency
compared to the DSHARP sources is not expected to
significantly affect the substructure positions. The HL
Tau substructure positions from Table 2 of ALMA Part-
nership et al. (2015) are adjusted for the new distance
estimate of 147 pc from Galli et al. (2018) and renamed
accordingly. The TW Hya substructure positions are
measured using the same procedure described for the
other sources, except the P.A. is fixed to 155◦ and the
inclination to 7◦ because nearly face-on disk orientations
are more reliably measured from gas observations than
from continuum observations (Qi et al. 2004). We do not
rely on molecular line observations to measure the incli-
nations of the DSHARP disks because a large fraction
of them are cloud-contaminated (see the 12CO channel
maps in Andrews et al. 2018b). The distance to TW
Hya is 60 pc (Gaia Collaboration et al. 2016), and radial
bins are in increments of 0.5 au because of the smaller
distance.
Of the DSHARP sample, millimeter continuum sub-
structures have previously been reported for the disks
around AS 209 (Huang et al. 2017; Fedele et al. 2018),
DoAr 25 (Cox et al. 2017), Elias 24 (Cieza et al. 2017;
Cox et al. 2017; Dipierro et al. 2018), Elias 27 (Pe´rez
et al. 2016), HD 142666 (Rubinstein et al. 2018), HD
143006 (Barenfeld et al. 2016), and HD 163296 (Zhang
et al. 2016; Isella et al. 2016). They have also been ten-
tatively reported for the disks around IM Lup (Cleeves
et al. 2016) and Sz 129 (Tazzari et al. 2017). Although a
few studies have classified MY Lup as a transition disk
(e.g., Romero et al. 2012; Tazzari et al. 2017; van der
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Marel et al. 2018), the emission observed at high angu-
lar resolution is still centrally peaked. However, there
is radial substructure in the vicinity of where Tazzari
et al. (2017) inferred a cavity wall from visibility mod-
eling, which may account for its previous classification
as a transition disk.
The improved resolution of the DSHARP observations
reveals additional structural complexity in all disks with
previously known or proposed substructures. Millimeter
continuum substructures are reported for the first time
in the other DSHARP disks. However, the substruc-
ture in the WSB 52 disk is only tentatively classified as
annular because the inclination of the disk makes it diffi-
cult to discern the exact nature of the features observed
along the major axis of the projected emission.
Table 1. Properties of annular substructures
Source Feature ∆x ∆y r0 r0 Incl. P.A. Method Width Depth
(mas) (mas) (mas) (au) (degrees) (degrees) (au)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
AS 209 D9 3± 1 −3.9± 0.9 71.8± 0.8 8.69± 0.11 35.6+0.7−0.8 85.7± 0.7 E 4.7± 0.2 0.45± 0.02
B14 2.0± 1.3 −4.3+1.2−1.1 117.6± 1.1 14.2± 0.14 34.9+0.7−0.8 85.8± 0.7 E 8.9± 0.2 −
D24 2.7± 1.4 −3.8± 1.2 197.0± 1.3 23.84± 0.15 35.6± 0.7 85.8± 0.7 E 3.4± 0.3† 0.895± 0.013
B28 3± 2 −4± 2 230± 2 27.8± 0.3 35.1± 0.7 86.1± 0.7 E 4.7± 0.3 −
D35 4.7± 1.7 −3.5± 1.5 289.6± 1.6 35.04± 0.18 35.2± 0.6 85.4± 0.7 E 3.0± 0.3† 0.97± 0.01
B39 4± 2 −3± 2 320± 2 38.7+0.3−0.2 34.9± 0.7 85.7± 0.7 E 3.4± 0.3† −
D61 −2± 3 −4± 3 503± 3 60.8± 0.3 35.8± 0.6 86.1± 0.6 E 15.5± 0.3 0.014± 0.011
B74 −0.8± 1.1 −4.4± 1.0 612.8± 1.3 74.15± 0.12 34.92± 0.3 85.7± 0.4 E 9.3± 0.3 −
D90 3± 3 −3± 3 742.6± 3 89.9± 0.3 34.4± 0.5 86.0± 0.6 E 4.5± 0.6 0.48± 0.13
B97 1± 5 −3± 4 799± 4 96.7± 0.5 34.5± 0.6 85.2± 0.7 E 8.1± 0.6 −
D105 1± 3 0± 3 872± 3 105.5± 0.4 35.0± 0.5 85.6± 0.6 E 14.7± 0.4 0.016± 0.009
B120 0.2± 1.1 2.1± 1.0 992.9± 1.3 120.14± 0.12 34.92± 0.19 85.6± 0.3 E 11.2± 0.4 −
D137 − − 1132± 8 137± 1 − − R 4.2± 1.4† 0.90± 0.07
B141 − − 1165± 8 141± 1 − − R 2.8± 1.4† −
DoAr 25 D74 − − ∼ 540 ∼ 74 − − V − −
B86 − − ∼ 620 ∼ 86 − − V − −
D98 40± 3 −495± 2 710± 3 98.0± 0.3 68.2± 0.3 110.9± 0.3 E 15.5± 0.5 0.22± 0.04
B111 34± 4 −493± 3 806± 4 111.3± 0.4 66.1+0.3−0.4 110.2± 0.4 E 14.3± 0.5 −
D125 − − 906± 7 125± 1 − − R 10.0± 1.4 0.63± 0.05
B137 − − 993± 7 137± 1 − − R 12.8± 1.4 −
DoAr 33 D9 − − ∼ 60 ∼ 9 − − V − −
B17 − − ∼ 120 ∼ 17 − − V − −
Elias 20 D25 −54.4± 1.5 −491.0± 1.3 181.6± 1.5 25.07± 0.17 49± 1 153.2± 1.3 E 3.5± 1.0 0.75± 0.03
B29 − − 210± 7 29± 1 − − R 5.2± 1.0 −
D33 − − 239± 7 33± 1 − − R 2.5± 1.4† 0.95± 0.03
B36 − − 261± 7 36± 1 − − R 1.9± 1.4† −
Elias 24 D57 110.0± 1.8 −385.8± 1.9 418± 2 56.8± 0.3 27.7± 0.9 51± 2 E 22.8± 0.3 0.03± 0.01
B77 111± 1 −387± 1 564.0± 1.2 76.71± 0.13 29.2± 0.4 45.2± 0.8 E 12.2± 0.3 −
D89 − − 654± 7 89± 1 − − R − −
B123a − − 904± 7 123± 1 − − R − −
Elias 27 D69 −5± 5 −8± 3 596+8−7 69.1± 0.4 56.2± 0.8 118.8± 0.7 E 14.3± 1.1 0.73± 0.02
B86 − − 741± 9 86± 1 − − R 21.2± 1.1
GW Lup D74 −2.6± 1.5 0.8± 1.5 479.2± 1.8 74.3± 0.2 38.7+0.4−0.5 37.7± 0.8 E 12.1± 0.4 0.31± 0.03
B85 −2.3± 0.2 1.1+1.8−1.7 551± 2 85.4± 0.3 38.7± 0.4 37.5±0.7 E 11.3± 0.4 −
D103 − − 665± 6 103± 1 − − R 4.3± 1.4† 0.85± 0.09
B108 − − 697± 6 108± 1 − − R 5.5± 1.4† −
HD 142666 B6 − − 41± 7 6± 1 − − R 5.3± 1.4 −
D16 − − 108± 7 16± 1 − − R 3.5± 1.4 0.73± 0.02
B20 − − 135± 7 20± 1 − − R 7.8± 1.4 −
D37 − − 243± 7 37± 1 − − R < 20 0.99± 0.02
Table 1 continued
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Table 1 (continued)
Source Feature ∆x ∆y r0 r0 Incl. P.A. Method Width Depth
(mas) (mas) (mas) (au) (degrees) (degrees) (au)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
B40 − − 270± 7 40± 1 − − R < 18 −
D55 − − 372± 7 55± 1 − − R 2.2± 1.4† 0.96± 0.06
B58 − − 392± 7 58± 1 − − R 2.1± 1.4† −
HD 143006 B6b − − 36± 6 6± 1 − − R 5± 1.4† −
D22 − − 133± 6 22± 1 − − R 21.7± 1.0 0.04± 0.02
B41 −6.3± 0.6 21.5± 0.6 247.3+0.8−0.7 40.8± 0.1 18.9+0.8−0.9 169± 3 E 12.2± 1.0 −
D51 − − 309± 6 51± 1 − − R 12.8± 1.4 0.53± 0.02
B65 −1.4± 1.9 24± 2 393± 3 64.9± 0.4 17.2+1.9−2.0 164+7−6 E 11.5± 1.4 −
HD 163296 D10 − − 100± 10 10± 1 − − R 3.2± 1.4† 0.93± 0.03
B14 − − 140± 10 14± 1 − − R 3.6± 1.4† −
D48 − − 480± 10 48± 1 − − R 20.2± 1.0 0.033± 0.006
B67 −4.3± 1.2 6.6± 1.2 663.8± 1.6 67.04± 0.12 46.9± 0.2 133.4± 0.3 E 15.8± 1.0 −
D86 1± 3 2± 3 855± 4 86.4± 0.3 46.9± 0.4 132.7± 0.5 E 16.2± 0.3 0.151± 0.008
B100 −2.4± 0.9 9.0± 0.9 987.0± 1.2 99.69± 0.09 46.63± 0.12 133.37± 0.17 E 12.0± 0.3 −
D145a − − 1450± 10 145± 1 − − R 13.4± 1.4 0.76± 0.06
B155 − − 1550± 10 155± 1 − − R 14.6± 1.4 −
IM Lup D117 −3± 3 −2± 3 743± 4 117.4± 0.5 47.5± 0.5 145.2± 0.7 E 15.8± 0.7 0.66± 0.02
B134 0± 3 3± 3 845± 4 133.5± 0.5 47.5± 0.5 143.9± 0.6 E 18.4± 0.7 −
MY Lup D8 − − ∼ 50 ∼ 8 − − V − −
B20 − − ∼ 130 ∼ 20 − − V − −
D30 − − ∼ 190 ∼ 30 − − V − −
B40 − − ∼ 260 ∼ 40 − − V − −
RU Lup D14 − − ∼ 90 ∼ 14 − − V − −
B17 − − ∼ 110 ∼ 17 − − V − −
D21 − − 132± 6 21± 1 − − R < 7 −
B24 − − 151± 6 24± 1 − − R < 8 −
D29 −17.0± 1.2 87.8+1.2−1.1 183.0± 1.5 29.1± 0.2 20± 2 117± 6 E 4.5± 0.3 0.784± 0.013
B34 −17.2+1.2−1.1 88.4± 1.2 213.7± 1.4 34.0± 0.2 17± 2 126± 7 E 5.5± 0.3 −
D42 − − ∼ 260 ∼ 42 − − V < 16 −
B50 − − ∼310 ∼ 50 − − V − −
SR 4 D11 − − 82± 7 11± 1 − − R 6.3± 1.4 0.23± 0.02
B18 − − 134± 3 18± 1 − − R 13.3± 1.4 −
Sz 114 D39 0± 5 3± 4 238± 3 38.6± 0.6 21± 2 165± 7 E 4.3± 0.8† 0.94± 0.05
B45 −2± 3 4± 3 280± 3 45.4± 0.5 21.6+1.6−1.7 165± 5 E 5.4± 0.8
Sz 129 B10 − − 62± 6 10± 1 − − R 17.6± 1.1 −
D41 4± 3 4± 2 255± 3 41.0± 0.4 32.4+1.9−2 148± 4 E 4.1± 0.6† 0.98± 0.02
B46 7± 3 2± 2 287± 3 46.1± 0.4 35.3+1.7−1.8 153± 3 E 3.5± 0.6† −
D64 − − ∼ 400 ∼ 64 − − V < 23 −
B69 − − ∼ 430 ∼ 69 − − V − −
WaOph 6 D79 − − 642± 8 79± 1 − − R 6.7± 1.1 0.98± 0.03
B88 −244± 3 −361± 3 712± 4 87.5± 0.4 47.3± 0.7 174.2± 0.8 E 3.6± 1.1†
WSB 52 D21c − − ∼ 150 ∼ 21 − − V − −
B25c − − ∼ 180 ∼ 25 − − V − −
TW Hyad D1 − − ∼ 17 ∼ 1 − − V − −
B3 − − 50± 8 3.0± 0.5 − − R 2.2± 0.6 −
D26 9± 2 13± 2 427.0± 1.6 25.62± 0.14 − − E 4.0± 0.5 0.804± 0.008
B30 − − 492± 8 29.5± 0.5 − − R < 6 −
D32 − − 525± 8 31.5± 0.5 − − R < 4 0.986± 0.008
B33a − − 550± 8 33± 0.5 − − R < 10 −
D42 8.2± 1.5 13.7± 1.5 694.0± 1.1 41.64± 0.09 − − E 3.40± 0.14 0.763± 0.009
B45 6.8± 1.2 15.3± 1.2 745.3± 0.9 44.72± 0.07 − − E 2.80± 0.14 −
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Table 1 (continued)
Source Feature ∆x ∆y r0 r0 Incl. P.A. Method Width Depth
(mas) (mas) (mas) (au) (degrees) (degrees) (au)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
D48 − − ∼ 800 ∼ 48 − − V < 7 −
B52 − − ∼ 870 ∼ 52 − − V − −
HL Taue D14 − − 94.6± 1.4 13.9± 0.2 − − − 5.7± 0.2 0.41± 0.03
B21 − − 145.6± 0.7 21.4± 0.1 − − − 12.9± 0.2 −
D34 − − 230.6± 0.7 33.9± 0.1 − − − 4.9± 0.1 0.67± 0.02
B40 − − 272.1± 0.7 40.0± 0.1 − − − 6.4± 0.1 −
D44 − − 299± 7 44± 1 − − − 3.2± 1.4 0.92± 0.02
B49 − − 333± 7 49± 1 − − − 4.2± 1.4 −
D53 − − ∼ 360 ∼ 53 − − − < 10 −
B58 − − ∼ 390 ∼ 58 − − − < 15 −
D67 − − 458.5± 0.7 67.4± 0.1 − − − 4.4± 0.1 0.84± 0.03
B72 − − 491.2± 0.7 72.2± 0.1 − − − 5.1± 0.1 −
D77 − − 526.5± 0.7 77.4± 0.1 − − − 6.1± 0.1 0.62± 0.02
B85 − − 581.0± 0.7 85.4± 0.1 − − − 12.0± 0.1 −
D96 − − ∼ 650 ∼ 96 − − − < 20 −
B102 − − ∼ 690 ∼ 102 − − − − −
Note—Column descriptions: (1) Name of host star. (2) Substructure label. (3) Right ascension offset from phase center. (4) Declination offset from
phase center. (5) Radial location of substructure in mas. (6) Radial location of substructure in au (the uncertainties in mas are simply scaled
from the fitting procedure and do not account for the uncertainty in the distance to the source). (7) Inclination of substructure (0◦ is face-on
and 90◦ is edge-on. (8) Position angle of substructure (east of north). (9) Method used to derive radial location of substructure: “E” indicates
ellipse-fitting, “R” indicates identification of local extrema in the radial profile, and “V” indicates identification through visual inspection. (10)
Width of substructure (only measured for those identified via “E” and “R” methods). (11) Depth of gap. All uncertainties are 1σ.
† Width of feature is narrower than the minor axis FWHM of the synthesized beam (see Table 2 for the synthesized beam size).
aThis feature shows tentative signs of being multiple gaps and rings.
b This ring may be misaligned relative to the outer two rings and therefore could have a larger radius than implied by the radial profile. See Pe´rez
et al. (2018).
c Substructures tentatively classified as annular.
dFit to the 290 GHz continuum image from Huang et al. (2018a). The P.A. and inclination are fixed at 155◦ and 7◦, respectively, based on values
derived from 12CO observations in Qi et al. (2004).
eMeasurements for substructure positions taken from ALMA Partnership et al. (2015) and rescaled to a distance of 147 pc (Galli et al. 2018).
3.2. Widths and contrasts of annular substructures
Defining the sizes of disk substructures is a more neb-
ulous task compared to measuring their radial positions.
The widths and amplitudes of emission rings are some-
times measured by modeling them as Gaussian rings, as
is done for the DSHARP observations of AS 209, GW
Lup, Elias 24, HD 143006, and HD 163296 (Dullemond
et al. 2018; Guzma´n et al. 2018; Isella et al. 2018; Pe´rez
et al. 2018). These sources lend themselves well to such
a procedure because of the high contrast and large sep-
aration of many of their substructures. In other cases
where the Gaussian components overlap substantially or
where the substructures do not closely resemble Gaus-
sians, it is less useful to define ring widths in terms of
Gaussian parameters. In disk simulations, the widths
and depths of gaps are often defined with respect to an
initial surface density profile (e.g., Duffell 2015; Kana-
gawa et al. 2016), but these definitions do not translate
well to observations, where the initial surface density
profile is unknown.
Instead, similarly to Zhang et al. (2018), we take a
more empirical approach and define width and depth
without assuming a functional form for the substruc-
tures or an initial surface density. For an adjacent gap-
ring pair, we define the gap radius rd as the value of r0
listed in Table 1 for a substructure labeled with the pre-
fix “D” and the reference ring radius rb as the r0 value
listed for the “B”-labeled substructure directly outside
the gap. The gap depth is then defined as
Id
Ib
, (2)
where the gap intensity Id is the mean intensity value in
the radial bin containing rd and the reference intensity
Ib is the mean intensity value in the radial bin containing
rb. The uncertainty adopted for the mean intensity value
is σbin/
√
Nbeam, where σbin is the 1σ scatter of the pixel
values in the radial bin and Nbeam is the number of
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Table 2. Disk geometries
Source ∆x ∆y Incl. P.A. Method Rdust θb,min × d
(mas) (mas) (deg) (deg) (au) (au)
(1) (2) (3) (4) (5) (6) (7) (8)
AS 209 1.9± 0.5 −2.5± 0.5 34.97± 0.13 85.76± 0.16 E 139± 1 4.4
DoAr 25 38± 2 −494± 2 67.4± 0.2 110.6± 0.2 E 165± 1 3.0
DoAr 33 1.5± 0.8 0.6± 0.6 41.8± 0.8 81.1± 1.2 G 27± 1 3.4
Elias 20 −54.5± 1.5 −491.0± 1.3 49± 1 153.2± 1.3 E 64± 1 3.2
Elias 24 110.8± 0.8 −386.8± 0.9 29.0± 0.3 45.7± 0.7 E 136± 1 4.7
Elias 27 −5± 5 −8± 3 56.2± 0.8 118.8± 0.7 E 254± 1 5.5
GW Lup −2.4± 1.1 0.9± 1.2 38.7± 0.3 37.6± 0.5 E 105± 1 6.6
HD 142666 −43.5± 0.3 28.9± 0.6 62.22± 0.14 162.11± 0.15 G 59± 1 3.3
HD 143006 −5.9± 0.6 21.7± 0.6 18.6± 0.8 169± 2 E 82± 1 7.4
HD 163296 −2.8± 0.7 7.7± 0.7 46.7± 0.1 133.33± 0.15 E 169± 1 3.9
IM Lup −1.5± 2 1± 2 47.5± 0.3 144.5± 0.5 E 264± 1 6.9
MY Lup −77.9± 0.8 62.9± 0.6 73.2± 0.1 58.8± 0.1 G 87± 1 6.7
RU Lup −17.1± 0.8 88.1± 0.8 18.8± 1.6 121± 5 E 63± 1 3.9
SR 4 −56.4± 1.2 −507.4± 1.3 22± 2 18± 5 G 31± 1 4.6
Sz 114 −1± 2 4± 2 21.3± 1.3 165± 4 E 58± 1 4.6
Sz 129 5.4± 1.9 3.0± 1.7 34.1± 1.3 151± 2 E 76± 1 5.0
WaOph 6 −244± 3 −361± 3 47.3± 0.7 174.2± 0.8 E 103± 1 6.6
WSB 52 −119.5± 0.4 −432.8± 0.4 54.4± 0.3 138.4± 0.3 G 32± 1 3.7
Note—Column descriptions: (1) Right ascension offset from phase center of disk. (2) Declination offset from
phase center of disk. (3) Disk inclination. (4) Disk position angle. (5) Method used to derive disk P.A.,
inclination, and phase offset. “E” denotes that the offset from phase center, P.A., and inclination are derived
by fitting ellipses to individual annular substructures. “G” denotes that these quantities are estimated by
fitting a 2D Gaussian to the image. (6) Radial extent of 1.25 mm continuum emission. (7) FWHM of the
synthesized beam along the minor axis multiplied by the distance to the source (see Table 4 of Andrews et al.
(2018b) for beam dimensions, distance to source, and references).
synthesized beams spanned by the ellipse or arc over
which the intensity is being averaged.
For measurements of substructure widths, the radial
intensity profiles are then linearly interpolated onto ra-
dial gridpoints spaced by 0.1 au. The dividing point
between the outer edge of a gap and the inner edge of
its immediate exterior ring is defined as the radius rd,o
(where rd < rd,o < rb) at which the intensity is equal to
Imean = 0.5(Id + Ib). The inner edge of the gap rd,i is
defined as the largest value r satisfying the criteria that
I(r) = Imean and r < rd. The outer edge of a ring rb,o
is defined as the smallest value r satisfying the criteria
that I(r) = Imean and r > rb. Thus, the width of a
gap is rd,o − rd,i and the width of a ring is rb,o − rd,o.
For rings with emission profiles that can be modeled as
isolated Gaussians (e.g., Dullemond et al. 2018), this
definition of ring width is essentially the FWHM. A dia-
gram is shown in Appendix B, and a couple special cases
are addressed. The measurements are listed in Table 1.
These definitions of width and depth are only applicable
to the “D”/“B” pairs that correspond to local extrema
in the radial profiles, i.e., those with measurement meth-
ods labeled either “E” or “R.” Features can have mea-
sured widths smaller than the synthesized beam because
the peak-to-peak or trough-to-trough separations of the
gaps/rings on either side of the feature are still larger
than the beam.
For shallow emission features that occur within a
series of annular substructures, upper bounds for the
widths can be estimated by measuring the peak-to-peak
or trough-to-trough distances of the adjacent substruc-
tures. It is not clear whether the shallowest emission
features correspond to surface density features that are
shallow and wide or deep and narrow. Observations at
higher sensitivity and angular resolution are necessary
to measure the widths and contrasts of shallow substruc-
tures.
These definitions have a few important limitations.
First, the effects of the beam are not accounted for.
Thus, the true gap widths should generally be larger
and the ring widths should be narrower. In addition, the
true ratio of Id to Ib should generally be smaller because
beam smearing will reduce peak intensities and “fill in”
gaps. For well-resolved features, the effect of beam con-
volution on the width and depth estimates should not
be too significant, but the effects are quite significant
for features near the angular resolution limit. There-
fore, the values quoted for such narrow features may be
better viewed as upper or lower bounds, as appropriate.
Second, the gap contrast is defined with respect to the
exterior ring because a local maximum is guaranteed to
occur outside a local minimum in the radial intensity
profile, whereas there is not necessarily a ring interior
to a gap. However, this can sometimes lead to coun-
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terintuitive outcomes, such as D90 in the AS 209 disk
having a relatively shallow measurement for gap depth
even though the gap intensity is at most a few percent of
the peak intensity of the immediately interior B74 fea-
ture. Similarly, if the local minimum outside a ring has
a much lower intensity value than the local minimum
interior to a ring, such as B39 in the AS 209 disk or
B65 in the HD 143006 disk, it is not clear whether it is
more sensible to view the ring as a narrow enhancement
on top of a background profile (which our definition im-
plicitly does) or as a single wide structure without addi-
tional background emission (as is done when disk emis-
sion is modeled as a series of Gaussian rings). Overall,
though, the definitions we adopt are still useful for com-
paring substructures within the sample and for assessing
whether the features are resolved.
The substructure widths and contrasts span a wide
range. Substructures range from widths of a few au
to more than 20 au, but the majority of the substruc-
tures are narrower than 10 au. Variations can be quite
wide even within the same sources, as exemplified by
AS 209 and HD 163296. Neither substructure widths
nor depths in the DSHARP sources increase monoton-
ically with distance from the central star. A majority
of the disks have substructures that are marginally re-
solved (not necessarily exclusively so), suggesting that
there could be additional substructures under the res-
olution limit. The deepest gaps have intensity levels
that are at most a few percent of the peak intensity
of adjacent rings, but more typically the intensity varia-
tions between adjacent gaps and rings are less than 20%.
However, many of the low-contrast gaps have widths
comparable to the size of the synthesized beam, so their
apparent shallowness may result from insufficient reso-
lution.
Figure 4 shows the ratio of substructure widths to
their radial positions, ∆r/r0, for all but the lowest con-
trast disks (i.e., MY Lup, DoAr 33, and WSB 52). The
measured values are generally largest in the inner 20 au
of these disks, which is a limitation imposed by angu-
lar resolution, as shown by the gray curves in Figure
4. Otherwise, values often fall between 0.05 and 0.2,
comparable to the typical values for disk aspect ratios,
h/r (e.g., Andrews et al. 2010). Equivalently, the widths
are often comparable to expected values for the pressure
scale height. A few gaps in the outer disk have notably
high values of ∆r/r0 > 0.25: D48 in the HD 163296 disk,
D57 in the Elias 24 disk, D22 in the HD 143006 disk,
and D61 in the AS 209 disk. These features are among
the widest DSHARP gaps in absolute, not simply rel-
ative, terms. They are also among the deepest gaps
observed, with intensities inside the gap being at most
a few percent of those of adjacent rings.
3.3. Dust disk radii
To assess how substructure characteristics relate to
disk size, we also compute the radius of the millimeter
disk, Rdust, for each source using a “curve-of-growth”-
type method similar to that described in Ansdell et al.
(2016). For each disk, continuum fluxes are measured
within a series of increasingly large elliptical apertures
with the same P.A. and major axis/minor axis ratio as
the projected disk image. The total continuum flux is
taken to be the asymptotic value of the flux curve. Rdust
is defined to be the radius at which the enclosed flux is
equal to 95% of the total flux. The values are listed in
Table 2. The uncertainty is estimated as the spacing
between elliptical apertures (1 au, limited by the pixel
size); the relative uncertainty in the continuum flux does
not contribute substantially to the uncertainty in Rdust
due to the high SNR of the images.
3.4. Additional substructures
Sz 129, HD 143006, and HD 142666 exhibit decreases
in intensity toward the center of the disk. The angular
resolution is not sufficient to determine whether these
features are cavities or gaps encircling inner disks. How-
ever, high resolution millimeter continuum observations
that have detected inner disks inside the cavities of a few
transition disks suggest that the distinction between a
cavity and an annular gap could largely be a matter of
angular resolution (e.g., Andrews et al. 2016; Boehler
et al. 2017; Dong et al. 2018b).
The innermost emission ring of Sz 129 is brighter in
the northeast and that of HD 142666 is brighter on
the southwest side. The millimeter continuum intensity
peak of the HD 163296 disk is also offset southwest from
the estimated center of the disk by ∼ 25 mas and may
similarly be tracing an inner emission ring. Insets of
these disks are shown in Figure 5. For both HD 163296
and HD 142666, the 12CO J = 2− 1 emission indicates
that the continuum brightness asymmetries in the in-
ner disk are on the far side of the disk (Andrews et al.
2018b; Isella et al. 2018). Thus, the brightness asym-
metry may arise from viewing the heated and puffed up
interior of a ring. The absolute geometry of Sz 129 is
not immediately clear from the 12CO observations.
A few disks have tentative annular substructures in
addition to what is listed in Table 1. The radial pro-
file of DoAr 25 shows some departures from smoothness
inward of D76. However, since the PSF for this disk is
poorer than most of the other DSHARP disks due to the
abbreviated integration time, better uv coverage will be
needed to confirm the structure of the inner disk. The
radial profile of Elias 24 has hints of very low amplitude
variations between D89 and B123. The emission profile
in this region is also unusual among the DSHARP disks
for overall being quite flat over a radial span of tens of
au, as best seen in Figure 3. The radial profile of Elias 20
shows some low-amplitude variations outside B36, but
additional annular substructures are not obvious in the
image (note that this is one of the sources for which the
radial profile is only averaged through wedges around
the major axis). The disks with spiral arms (WaOph
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Figure 4. Plots of substructure widths divided by radial positions for the 15 disks with sufficiently high-contrast substructures.
The positions of substructures that are too shallow to allow a width measurement are marked with blue (gap) or orange (ring)
vertical lines. The gray dotted curves correspond to
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r
, separating resolved features above the curve from marginally
resolved or unresolved features at or below the curve.
6, IM Lup, and Elias 27) may have additional gaps and
rings beyond what is listed in Table 1, but as discussed
further in Huang et al. (2018b), these features may in-
stead be branches or tightly wrapped extensions of the
spiral arms.
Finally, HD 163296 has a crescent-like asymmetry in-
terior to B67 and HD 143006 has an asymmetry exterior
to B65. These are discussed further in Isella et al. (2018)
and Pe´rez et al. (2018), respectively.
3.5. Continuum optical depths
It has usually been assumed that the millimeter dust
continuum of disks is optically thin (e.g., Beckwith et al.
1990). Recent analyses of disk spectral indices and emis-
sion sizes have explored whether disks only appear to be
optically thin at low resolution because of beam dilution
of optically thick substructures (e.g., Ricci et al. 2010;
Tripathi et al. 2017), motivating an analysis of whether
the DSHARP substructures are optically thick. Mul-
tiwavelength observations are desirable for constraining
dust optical depths (e.g., Pe´rez et al. 2012; Tazzari et al.
2016), but a rough estimate can still be obtained from
the single-wavelength DSHARP observations by approx-
imating the midplane temperature profile with the sim-
plified expression for a passively heated, flared disk in
radiative equilibrium (e.g., Chiang & Goldreich 1997;
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D’Alessio et al. 1998; Dullemond et al. 2001):
Tmid(r) =
(
ϕL∗
8pir2σSB
)0.25
, (3)
where σSB is the Stefan-Boltzmann constant, L∗ is the
stellar luminosity (taken from Table 1 of Andrews et al.
(2018b)), and ϕ is the flaring angle. The optical depth
τν is then calculated using the relationship
Iν(r) = Bν(Tmid(r))(1− exp(−τν(r))), (4)
where Iν(r) is the deprojected, azimuthally averaged ra-
dial intensity profile. The full Planck expression is used
because the Rayleigh-Jeans approximation loses accu-
racy at millimeter wavelengths.
Since colder temperature profiles lead to a higher esti-
mate of τ and we wish to examine how large the optical
depths can possibly be, we select a somewhat conserva-
tive value of ϕ = 0.02. This corresponds to h/r ≈ 0.07 at
r = 100 au for a star of solar mass and luminosity. The
value of ϕ is also chosen to be consistent with the anal-
ysis of a subset of the DSHARP sources in Dullemond
et al. (2018), which contains a more detailed discussion
of the effect of the assumed temperature profile on other
derived disk properties. A higher value of ϕ = 0.05 is
selected for the RU Lup disk because lower values yield
dust temperature estimates below the brightness tem-
perature of the inner disk. Assuming typical values for
the beam size (∼ 50 mas), rms (1.5× 10−5 Jy beam−1),
and disk temperature (10 K), the DSHARP observa-
tions are sensitive to dust optical depths on the order
of 10−2. Given uncertainties in ϕ and L?, the optical
depth estimates may be up to a factor of two off from
the true optical depths (there is also a 10% absolute
flux calibration uncertainty, but this is swamped by the
uncertainties in the thermal profile).
The 1.25 mm continuum optical depth profiles of the
DSHARP sample are shown in Figure 6. All of the pro-
files exhibit an apparent decrease in optical depth in the
inner few au, which is likely primarily due to beam di-
lution. The central dips in the profiles for HD 142666,
Sz 129, and HD 143006 are also in part due to bona
fide optical depth decreases corresponding to the small
emission cavities detected. The MY Lup and DoAr 25
optical depth profiles have relatively broad dips toward
the disk center, but the extent to which the highly in-
clined viewing geometry contributes to this is not clear.
At high inclinations, deprojection becomes less reliable
due to disk vertical structure, so multidimensional ra-
diative transfer modeling would be more appropriate to
estimate the optical depths of these two disks.
Factoring in the uncertainty in the stellar host lumi-
nosity, Figure 6 indicates that the millimeter continuum
optical depths of most of the DSHARP disks are plausi-
bly of order unity out to radii of 5 to 10 au. This is con-
sistent with the finding from Ansdell et al. (2018) that
most of the disks observed in the Lupus star-forming
region have cores that are optically thick at millimeter
wavelengths. IM Lup, RU Lup, and WSB 52 appear
to have quite substantial optically thick cores that ex-
tend to radii of 15 au or beyond. Cleeves et al. (2016)
previously concluded that the inner disk of IM Lup was
optically thick at submillimeter wavelengths based on
radiative transfer modeling of the 870 µm continuum
and the SED. The low continuum optical depth of the
HD 143006 rings (aside from the asymmetric feature on
B65 that is ∼ 3x brighter than the rest of the ring)
makes it unusual among the DSHARP sources. Other-
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Figure 6. Estimated 1.25 mm continuum optical depths profiles for the DSHARP sample, ordered by descending stellar
luminosity from left to right and top to bottom. The light orange ribbon shows the range of τ values using the 1σ errors for
the stellar luminosity from Andrews et al. (2018b). The inner 5 au of each profile is shaded gray to show where beam dilution
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wise, the estimated optical depths at the bright rings in
the DSHARP sources typically range from 0.3 to 0.6.
Observations of decrements in 12CO J = 2− 1 emission
at the locations of the outer bright continuum emission
rings for the AS 209 and HD 163296 disks suggest that
these substructures may be optically thick despite the
moderate estimates shown in Figure 6 (Isella et al. 2018;
Guzma´n et al. 2018). Dullemond et al. (2018) propose
three possible reasons for this discrepancy: the tempera-
tures are overestimated, scattering is significant, or the
dust rings consist of optically thick clumps that only
appear to be optically thin due to beam dilution.
While the absolute values of the optical depth profiles
are highly uncertain, the relative values within each disk
are better-constrained because they only depend on the
power-law exponent of the temperature profile. Outside
the regions where the continuum is optically thick, the
optical depth profile roughly traces the product of the
dust surface density Σd and the dust opacity κν . In
the disks around HD 163296, Elias 24, HD 143006, AS
209, SR 4, and DoAr 25, local variations in the radial
optical depth profiles reach one to two orders of magni-
tude, indicating extremely large local variations in the
surface density and/or the dust opacity. Large varia-
tions in dust opacity would suggest dramatic changes in
grain properties across the gap. To verify this, multi-
wavelength observations to measure the spectral index
would be necessary.
4. AGGREGATE CHARACTERISTICS OF
ANNULAR SUBSTRUCTURES
4.1. The radial distribution of annular substructures
Histograms of the positions of the radial substruc-
tures of the DSHARP sample, along with HL Tau
and TW Hya, are shown in Figure 7. We also use
the scikit-learn implementation of Gaussian kernel
density estimation to estimate the distribution. The
bandwidth is optimized through leave-one-out cross-
validation to ensure that it is narrow enough to capture
significant features but wide enough to smooth over spu-
rious features. The resulting estimates are plotted over
the histograms.
Annular substructures occur at virtually all radii
probed by millimeter emission, as far inward as r < 5
au (i.e., essentially within ALMA’s resolution limits)
and as far out as ∼ 155 au. The dropoff in the number
of substructures detected beyond a radius of ∼ 40 au
appears to be a limitation imposed by the overall radial
extent of the disk. The bottom of Figure 7 shows a
“survival function” for the disk size, plotting the num-
ber of disks with Rdust > R over a range of values of R.
Among the DSHARP disks, it is quite common for an-
nular substructures to occur near the outer edge of the
detected millimeter continuum emission. Elias 27 and
IM Lup are notable exceptions, with their millimeter
continuum emission extending more than 100 au be-
yond the farthest detected annular substructures. The
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Figure 7. Top: A histogram of the radial positions of the
gaps in the DSHARP sample and the HL Tau and TW Hya
disks. The Gaussian kernel density estimate (scaled to match
the histogram area) is shown in blue. Center: Same as above,
but for the bright rings. Bottom: Plot of the number of disks
where Rdust exceeds radius R.
presence of spiral arms and the faintness of emission in
the outer disk, though, may complicate the identifica-
tion of more distant substructures. Substructures can
occur at even larger radii than what is measured for the
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DSHARP sample—the V1094 Sco disk has an emission
ring located at r ∼ 220 au (van Terwisga et al. 2018).
Intuitively, one might expect the distribution of sub-
structures to decrease monotonically with radius be-
cause the disks have varying sizes and the more compact
disks by definition cannot have substructures at large
radii. Thus, the slight dropoff in the occurrence of sub-
structures at smaller radii is also interesting to consider.
Selection effects must play at least a partial role, since
the DSHARP sample excluded known transition disks,
which by definition have substructure in the inner disk.
The optical depth profiles in Figure 6 suggest that sur-
face density substructures may be obscured in the inten-
sity profile due to the steep temperature changes in the
inner disk. Some disks, such as DoAr 33 and WSB 52,
have substructures that appear to be “plateaus” in the
radial intensity profiles but correspond to distinct local
maxima and minima in the radial optical depth profiles.
In addition, although the inner 30 au of the Elias 24 and
GW Lup images look featureless, their optical depth
profiles show slight dips suggestive of additional sub-
structure. However, more accurate temperature profiles
derived through radiative transfer modeling are needed
to investigate this possibility further.
Substructures may also be more difficult to detect in
the inner disk due to smaller characteristic scales and
higher optical depths. The scale height, which increases
with distance from the star, influences the width of gaps
opened by zonal flows and planets (e.g., Bryden et al.
1999; Johansen et al. 2009). Even if surface density sub-
structures in the inner disk are sufficiently wide, they
may still be obscured in the inner disk due to high opti-
cal depth. As shown in Figure 6, multiple disks appear
to have 1.25 mm continuum optical depths of order unity
inside radii of 10 au. Notably, the WSB 52 disk appears
to be optically thick throughout much of its extent and
has the most marginal substructure detection.
4.2. Relationship with temperature
Using the radial temperature profiles calculated in
Section 3.5, Figure 8 shows the normalized, azimuthally
averaged intensity profiles as a function of midplane
temperature from 80 to 10 K. This temperature range is
chosen to include the freezeout temperatures of key disk
volatiles, since several works have proposed that annu-
lar substructures trace the locations of various molecular
snowlines (e.g., Zhang et al. 2015; Okuzumi et al. 2016;
Pinilla et al. 2017). To examine whether the DSHARP
substructures are connected to snowlines, we shade in
the freezeout temperature ranges for CO2, N2, and CO,
following the approach in Hollenbach et al. (2009) and
using the binding energies and abundances listed in Ta-
ble 3. While H2O, NH3, and CH3OH are other volatiles
expected to be abundant in disks based on cometary
measurements and ice observations toward star-forming
regions (e.g., Mumma & Charnley 2011; O¨berg et al.
2011a), their binding energies are so high that their
Table 3. Major icelines in disk regions probed by ALMA
Species Abundance Eb Reference Tfrz
(K) (K)
(1) (2) (3) (4) (5)
CO2 3e−5a 2605d Mart´ın-Dome´nech et al. 2014 57− 72
CO 5e−5 1155c Fayolle et al. 2016 26− 32
5e−5 866d Fayolle et al. 2016 19− 24
N2 4e−5b 770d Fayolle et al. 2016 17− 21
Note—(1) Species. (2) Abundance with respect to total number of H atoms.
(3) Binding energy. (4) Reference for Eb value. (5) Freezeout temperatures
computed for gas number densities from 108 − 1012 cm−3 (chosen to be
representative of midplane values).
aFollowing O¨berg et al. (2011b), the CO2 abundance is estimated from
ice measurements toward the CBRR 2422.8-3423 disk from Pontoppidan
(2006)
b Following Piso et al. (2016), we adopt the proto-Sun elemental nitrogen
abundance of 8× 10−5 with respect to elemental hydrogen (Lodders 2003)
and assume that N2 is the dominant nitrogen carrier.
c Compact H2O substrate.
dPure ice substrate.
snowline locations are expected to be below the reso-
lution limit of the DSHARP observations for all but a
couple of the most luminous sources (it is worth noting
that HD 163296 and HD 142666, the sources with the
highest stellar luminosities, have substructures in their
inner 5 au).
There does not appear to be a strong correspondence
between temperature and substructure positions. More
generally, there is no obvious relationship between stel-
lar luminosity (which controls the temperature estimate)
and the substructure positions. With respect to spe-
cific snowlines, few substructures are observed within
the expected vicinity of the CO2 snowline. About half
the disks have substructures that occur in the expected
vicinity of the CO and N2 snowlines. However, the pos-
sible range of locations for the CO snowline can be quite
wide depending on whether CO is largely binding to wa-
ter ice or pure ice. Moreover, there is a high level of dis-
similarity in substructures that occur near the expected
locations of the CO and N2 snowlines; some disks have
a series of narrow annuli while others have a single wide,
deep gap. Thus, it seems unlikely that all of these sub-
structures are directly associated with the CO and N2
snowlines.
4.3. The spacings of annular substructures
Figure 9 plots the distribution of the radius ratios of
substructures in the DSHARP sample as well as the HL
Tau and TW Hya disks. Because of the large concen-
tration of low ratios and the sparse population of very
large ratios, Gaussian kernel density estimates are de-
rived for the distribution of log-ratios rather than for the
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ratios. Leave-one-out cross-validation is again used to
optimize the bandwidth. The estimates are then trans-
formed back to ratio distributions. The plots for pairs of
gaps and for pairs of rings (including non-adjacent pairs)
only include disks that have multiple gaps or multiple
rings (i.e., excluding disks such as SR 4). The plot for
pairs of all substructures includes pairs consisting of one
gap and one ring, so it is not simply a combination of
the two plots above.
Within individual disks, the spread in the locations
of substructures can be substantial. The innermost and
outermost substructures in disks can be separated by
more than 100 au, translating to position ratios exceed-
ing 10. Overall, though, the distributions are dominated
by ratios less than 2. Very low ratios (< 1.1) are not
often observed, which is probably at least partly due to
angular resolution limits.
Assuming Keplerian rotation and that the disk mass is
small compared to the stellar mass, semi-major axis ra-
tios corresponding to low-order mean-motion resonances
are overplotted in Figure 9. There is no significant clus-
tering around mean-motion resonances, although some
pairs lie near these values. A subset of pairs that are
close to resonant locations are identified in Table 4. We
list pairs with ratios within 1% of the exact value, ex-
cluding substructures with positions that were estimated
visually since the uncertainties are large. The B65:B41
pair from HD 143006 is the most intriguing candidate
because it corresponds to two adjacent, narrow, and
high-contrast rings that are very close to a 2:1 resonance.
Fedele et al. (2018) previously suggested a 2:1 resonance
that corresponds to B97 and D61 in the AS 209 disk, al-
though D90-B97-D105 were thought to be a single large
gap at the time due to the lower angular resolution of
their observations. Multiple candidate resonances are
identified for the AS 209 and HD 163296 disks, but they
may arise coincidentally due to the large number of an-
nular substructures present in these sources. On the
flip side, the radial positions of shallow substructures in
disks such as MY Lup and HD 142666 have large un-
certainties, so it is difficult to ascertain how well their
relative positions correspond to expected resonances. In
addition, Tamayo et al. (2015) point out that pericenter
precession can significantly shift resonant location ratios
in massive disk systems. Thus, Table 4 is not exhaus-
tive.
One might also expect substructure pair radius ratios
to cluster around characteristic values if the substruc-
tures trace molecular snowlines. Assuming a standard
power law expression for the midplane temperature pro-
file, Tmid(r) = T0(r/r0)
−q (note that Equation 3 can be
re-formulated in this way), then the radius ratio corre-
sponding to the snowlines of species i and j is
ri
rj
=
(
Tfrz,j
Tfrz,i
)1/q
, (5)
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Figure 9. Top: Histogram of the distribution of the po-
sition ratios of all pairs of gaps within the same disk. In-
set shows the distribution of position ratios between 1 and
4. The Gaussian kernel density estimate (scaled to match
the histogram area) is shown in blue. Position ratios corre-
sponding to low-order mean-motion resonances are marked
with vertical lines. Center : Same as above, but for pairs of
rings. Bottom: Same as above, but for all pairs of annular
substructures (i.e., pairs of gaps, pairs of rings, and pairs of
gaps and rings).
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Table 4. Candidate substructure pairs in resonance
m : n Theoretical aman Source Features Measured ratio
2:1 1.587 HD 143006 B65:B41 1.591± 0.011
AS 209 B97:D61 1.590± 0.011
3:1 2.080 HD 163296 B100:D48 2.08± 0.04
3:2 1.310 AS 209 D137:D105 1.303± 0.011
Elias 20 D33:D25 1.31± 0.04
4:3 1.211 AS 209 B74:D61 1.220± 0.008
AS 209 D90:B74 1.212± 0.006
GW Lup D103:B85 1.206± 0.012
RU Lup D29:B24 1.22± 0.05
5:3 1.406 AS 209 B39:B28 1.39± 0.02
AS 209 D137:B97 1.417± 0.012
DoAr 25 B137:D98 1.40± 0.01
HD 163296 B14:D10 1.40± 0.17
HD 163296 B67:D48 1.40± 0.03
RU Lup B34:B24 1.42± 0.06
where Tfrz denotes the freezeout temperature. While the
analysis in Section 4.2 is subject to large uncertainties
in both the thermal profile and the gas number densi-
ties, the ratios are more robust to assumptions about
these quantities. Using a representative value of q = 0.5
(i.e., the value corresponding to the thermal profiles used
throughout this work), then rCOrCO2
∼ 5 if we adopt the
binding energy for CO on water ice and ∼ 9 using the
binding energy for CO on pure ice. As shown in Figure
9, few substructure pairs have these radius ratios. On
the other hand,
rN2
rCO
∼ 1.3 using the binding energy for
CO on pure ice and ∼ 2.3 using the binding energy for
CO on water ice. A number of substructure pairs have
radius ratios between these two values, but not all of
them are likely to be associated with the CO and N2
snowlines. First, many of the DSHARP disks have mul-
tiple pairs of close substructures. Furthermore, based
on “chemical imaging” techniques, the CO snowline has
been estimated to lie at ∼ 20 − 30 au (Qi et al. 2013;
van’t Hoff et al. 2017) in the TW Hya disk and 75 au in
the HD 163296 disk (Qi et al. 2015). These two sources
bracket the stellar luminosities of the DSHARP sources,
which suggests that substructure pairs at radii much
smaller than 20 au or much larger than 75 au are also
unlikely to be associated with the CO and N2 snowlines.
4.4. Relationship with stellar parameters
The radial positions of the substructures of the
DSHARP sample and TW Hya are plotted as a function
of stellar mass (M∗), stellar age (t∗), and stellar mass
accretion rate (M˙∗) in Figure 10. The stellar param-
eters for the DSHARP sample are taken from Table 1
of Andrews et al. (2018b). The adopted parameters
for TW Hya are logM∗/M = −0.09+0.04−0.15, log t∗/yr =
6.8± 0.4, and log M˙∗/M yr−1 = −8.6± 0.5 (Andrews
et al. 2018a). HL Tau is excluded from these plots due
to the high uncertainty in its stellar properties (e.g.,
Robitaille et al. 2007). The uncertainties for the posi-
tions of substructures not corresponding to well-defined
local maxima or minima in the radial intensity profile
are estimated as the standard deviation corresponding
to the major axis of the synthesized beam. No obvious
trend emerges with these stellar properties, although
the plots do demonstrate that annular substructures
are present in disks across a large region of parame-
ter space. The absence of an obvious trend, though,
could be a consequence of the selection for bright con-
tinuum sources swamping out substructure variations
with stellar properties.
5. DISCUSSION
5.1. Millimeter versus scattered light substructures in
the DSHARP sources
Recent high angular resolution scattered light obser-
vations suggest that annular substructures are common
not just in the disk midplane, but also the surface lay-
ers. High resolution, high sensitivity scattered light ob-
servations have been published for six of the DSHARP
targets. Many come from the DARTTS-S survey by
Avenhaus et al. (2018), which used SPHERE/IRDIS to
observe in J and H band.
In some cases, the scattered light substructures appear
in close proximity to the radial locations of the millime-
ter continuum substructures. From SPHERE scattered
light observations of HD 163296 in J and H band, Muro-
Arena et al. (2018) resolve a ring that matches the lo-
cation of B67. SPHERE observations in J band of HD
143006 reveal substructures that appear to correspond
to D22, B41, D51, and B65 (Benisty et al. 2018). In
SPHERE observations of AS 209, Avenhaus et al. (2018)
identify possible annular substructures close to B74 and
B120. They also identify narrow, ringlike structures in
the inner disk that are ascribed to PSF artifacts, but the
presence of narrow ringlike structures in this region in
the millimeter continuum raises the question of whether
there are also genuine scattered light features blended
in with the artifacts. A series of rings are identified in
scattered light imaging of IM Lup, although Avenhaus
et al. (2018) comment that some of the structure could
instead be tightly wrapped spiral arms. The scattered
light ring located at 0.′′58 (92 au) is close to the apparent
end of the millimeter continuum spiral arms. The sec-
ond scattered light ring occurs at 0.′′96 (152 au), which
lies just outside B134.
In other cases, scattered light substructures have no
obvious correspondence to millimeter continuum sub-
structures. Avenhaus et al. (2018) detect a scattered
light ring structure in the IM Lup disk at a radius of
1.′′52 (240 au), but there is no nearby substructure seen
in the DSHARP observations. However, the SNR is low
in the outer disk and the uv coverage is not optimal for
recovering faint, diffuse emission. The scattered light
ring at r = 2.′′1 (332 au) lies outside the detected extent
of the millimeter continuum emission. Likewise, Aven-
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Figure 10. Scatterplots of the radial positions of substructures as a function of stellar mass (M∗), stellar mass accretion rate
(M˙∗), and stellar age (t∗), respectively. 1σ error bars are shown for the stellar parameters and for the feature locations in the
disk. Upper limits are shown as arrows.
haus et al. (2018) identify a ring in scattered light at
a radius of 0.′′77 (120 au) in the MY Lup disk, which
lies outside the detected extent of millimeter continuum
emission. Interestingly, although the RU Lup millimeter
continuum is highly structured, the disk appears feature-
less in scattered light (Avenhaus et al. 2018).
5.2. Comparison of the DSHARP sources to
millimeter continuum substructures in other disks
Besides HL Tau, TW Hya, and the DSHARP sources,
annular substructures have been identified in the mil-
limeter continuum of at least 23 other single-disk sys-
tems hosted by Class II stars (see Table 5). The list
above only includes transition disks if substructures be-
sides the large central cavity have been identified in the
millimeter continuum. Otherwise, we refer the reader to
van der Marel et al. (2018) for a compilation of all tran-
sition disks imaged at millimeter/sub-millimeter wave-
lengths up to the end of 2017 and to Long et al. (2018a)
and Cieza et al. (2019) for more recent transition disk
discoveries.
All spectral types from M through A are represented
among disks with substructures. Among the disks ob-
served at millimeter wavelengths prior to DSHARP, an-
nular substructures occur far more frequently than spiral
arms or azimuthal asymmetries. The DSHARP sam-
ple conforms to this trend. Three sources (WaOph 6,
IM Lup, and Elias 27) have spiral arms (see Huang
et al. (2018b) for specific discussion of the spirals). Two
sources, HD 143006 and HD 163296, have crescent-
shaped azimuthal asymmetries near well-defined ring
substructures. Outside the DSHARP sample, several
other disks have also been shown to exhibit annular
substructure in conjunction with spiral arms and az-
imuthal asymmetries (e.g., Dong et al. 2018b; Cazzoletti
et al. 2018). Previous observations and DSHARP to-
gether suggest a trend of high-contrast azimuthal asym-
metries (i.e., azimuthal contrasts larger than a factor
of a few) accompanying ring structures preferentially in
disks hosted by stars with spectral types of G and ear-
lier.
Because most disks outside DSHARP have been ob-
served at lower angular resolution, detections of disk
substructures have been biased toward high-contrast
gaps and rings with widths of tens of au. The DSHARP
observations, as well as a recent Taurus survey at a spa-
tial resolution of ∼ 15 au by Long et al. (2018a), suggest
that narrower substructures are more typical. Higher-
resolution observations will likely reveal additional an-
nular substructures in the other disks listed in Table 5.
While DSHARP excluded large-cavity transition
disks, many have now been observed at moderate-to-
high angular resolution (see Table 5). Large-cavity
transition disks have often been analyzed as a group dis-
tinct from “full” disks (e.g., Pinilla et al. 2018; van der
Marel et al. 2018), but the distinction between the two
categories ironically becomes blurrier at higher angu-
lar resolutions. Substructures detected in “transition”
disks exhibit a level of diversity similar to the DSHARP
sample. Observed features also include annular gaps
and rings, spiral arms, and azimuthal asymmetries (e.g.,
Fedele et al. 2017; Dong et al. 2018b). Millimeter contin-
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uum observations have also begun to detect small inner
disks within transition disk cavities (e.g., Boehler et al.
2017; Dong et al. 2018b; Kudo et al. 2018), suggesting
that at least some transition disk cavities could be con-
sidered (particularly wide) annular gaps. Meanwhile,
several of the DSHARP disks turned out to have small
central emission deficits. In addition, while the millime-
ter continuum emission of the SR 4 disk is centrally
peaked, it features a deep annular gap in the inner disk
and the SED shows a near-infrared deficit that is remi-
niscent of transition disk SEDs (Andrews et al. 2018b).
It is not clear whether these various types of sources
represent different stages along the same evolutionary
path, but they at least suggest that the “transition” vs.
“full” disk dichotomy is too simplistic.
5.3. The prevalence of millimeter continuum
substructures
5.3.1. Prevalence in Ophiuchus and Lupus
The widespread presence of annular substructures in
the DSHARP sample naturally raises the question of
whether such structures are ubiquitous. Since DSHARP
selected for bright disks, it is not straightforward to de-
rive an occurrence rate for millimeter continuum sub-
structures. Nevertheless, interesting lower bounds can
be set for the Lupus and Ophiuchus star-forming re-
gions, from which the bulk of the DSHARP sample orig-
inates.
The Lupus star-forming region is ∼ 1−3 Myr old and
lies ∼ 150− 170 pc away (e.g., Mer´ın et al. 2008; Alcala´
et al. 2014; Gaia Collaboration et al. 2016, 2018). Based
on optical and IR spectra, 96 Class II or flat spectrum
protoplanetary disks hosted by stars with M∗ > 0.1
M were identified in the Lupus I-IV clouds and sub-
sequently targeted at millimeter/sub-millimeter wave-
lengths at an angular resolution of ∼ 0.′′3 (Ansdell et al.
2016, 2018). Of the 71 disks with millimeter detections,
at least 8 exhibit annular substructure: GW Lup, IM
Lup, RU Lup, Sz 114, Sz 129, MY Lup, HK Lup, and
V1094 Sco (this work, Tazzari et al. 2017; van Terwisga
et al. 2018). Thus the fraction of Class II Lupus disks
with annular substructure is ' 10%. This lower bound
is extremely conservative, considering that the major-
ity of the substructures observed in the Lupus disks are
not evident at the angular resolution of the Lupus sur-
vey. For perspective, though, 10 large-cavity transition
disks have been identified in Lupus (van der Marel et al.
2018). If considered as distinct categories, disks with
annular substructure cannot be much rarer than large-
cavity transition disks. Taken together, disks with some
kind of substructure comprise at least a quarter of all
Class II Lupus disks detected at millimeter wavelengths.
Moreover, at least among the bright disks, substructures
are almost always present. Of the 15 Lupus disks with
1.3 mm continuum fluxes equal to or brighter than the
faintest DSHARP disk (DoAr 33), 12 are known so far to
have either cavities or annular substructures. Another
one of the 15, HT Lup, has spiral arms in its primary
disk but does not exhibit annular substructure at the
angular resolution of DSHARP (Kurtovic et al. 2018).
The c2d Spitzer Legacy project identified 223 flat
spectrum and Class II disks in the Ophiuchus star-
forming region, which is similar in age to Lupus but
features a higher star formation rate and stellar number
density (e.g., Evans et al. 2009). The largest millimeter
continuum survey so far of Ophiuchus disks, ODISEA,
targeted ∼130 Class II and flat spectrum disks (and a
small number of Class I disks) with ALMA at an an-
gular resolution of ∼ 0.′′2 (Cieza et al. 2019). At least
7 Class II Oph disks are known to have annular sub-
structures: SR 4, Elias 20, DoAr 25, Elias 24, Elias 27,
DoAr 33, and WSB 82 (this work, Cox et al. 2017), along
with an 8th tentative detection in WSB 52. WaOph 6
and AS 209 also have substructures but are only some-
times classified as Ophiuchus sources. Twenty-seven of
the flat spectrum/Class II disks in ODISEA have mil-
limeter continuum fluxes equal to or brighter than the
faintest DSHARP disk (including DoAr 33 itself). Thir-
teen of these are known so far to have some kind of mil-
limeter continuum substructure, including cavities and
annular substructures. Again, it should be emphasized
that the other sources were observed at much coarser an-
gular resolution than the DSHARP sample, but even the
existing observations suggest that the prevalence of mil-
limeter continuum substructures is high among bright
disks at least. The angular resolution of ODISEA is suf-
ficient to show, though, that it is not common for the
Ophiuchus disks to have the kind of deep, wide gaps ob-
served in disks around sources such as AS 209, Elias 24,
HD 163296, and HD 143006.
5.3.2. Small versus large disks
Although the radial extents of the DSHARP disks
span an order of magnitude, the selection criteria cre-
ated a sample in which large disks are overrepresented
(Andrews et al. 2018b). The DSHARP sources are
larger than about 40% of the 105 disk targets drawn
from various star-forming regions (Tripathi et al. 2017;
Andrews et al. 2018a) and about three-quarters of the
flat spectrum/Class II disks in Ophiuchus (Cieza et al.
2019). Likewise, other disks with annular substructures
reported in millimeter continuum emission (see Section
5.2) have sizes similar to the DSHARP sources.
SR 4, WSB 52, and DoAr 33 are the smallest of the
DSHARP sources as traced by millimeter continuum
emission. While the gap in SR 4 has one of the high-
est contrasts measured for the DSHARP sources, DoAr
33 and WSB 52 have very low-contrast substructures
compared to the larger DSHARP disks. Furthermore,
as shown in Figure 7, a comparatively small number of
annular substructures are detected in the inner 40 au of
the DSHARP disks. In a separate survey, Long et al.
(2018a) find indications that larger disks tend to have
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Table 5. Other disks with millimeter continuum annular substructures
Source SpT Ref.a θb,min × d (au)b Notes on other millimeter features
HD 97048 A0-B9 1,2 48 Classified as transition disk
MWC 480 A5 3,4 18
HD 169142 A5 5,6 16 Classified as transition disk
MWC 758 A8 7,8 6.2 Classified as transition disk; high-contrast asymmetry; spiral arm(s)
V1247 Ori F0 9,10 13 Classified as transition disk; high-contrast asymmetry
HD 142527 F6 11,12 20 Classified as transition disk; high-contrast asymmetry; circumbinary disk
SAO 206462 F8 13,14 8.5 Classified as transition disk; high-contrast asymmetry
RY Tau G0 15,4 14 Classified as transition disk; high-contrast asymmetry
CI Tau K5.5 15,16 4.7
DL Tau K5.5 15,4 17
GM Aur K6 15,17 32 Classified as transition disk
V1094 Sco K6 18,19 28
PDS 70 K7 20,21 19 Classified as transition disk
Sz 98 K7 18, 22 39
DN Tau M0.3 15,4 14
DS Tau M0.4 15,4 16
AA Tau M0.6 15,23 15
IQ Tau M1.1 15,4 14
UZ Tau E M1.9 15,4 14
GO Tau M2.3 15,4 16
FT Tau M2.8 15,4 14
DM Tau M3.0 15,24 4.5 Classified as transition disk
WSB 82 − −,25 28 Classified as transition disk
References—(1) Whittet et al. 1987 (2) van der Plas et al. 2017 (3) Mora et al. 2001(4) Long et al. 2018a (5) Dunkin et al. 1997 (6)
Fedele et al. 2017 (7) Beskrovnaya et al. 1999 (8) Dong et al. 2018b (9) Vieira et al. 2003 (10) Kraus et al. 2017 (11) Christiaens
et al. 2018 (12) Ohashi et al. 2018 (13) Coulson & Walther 1995 (14) Cazzoletti et al. 2018 (15) Herczeg & Hillenbrand 2014 (16)
Clarke et al. 2018 (17) Mac´ıas et al. 2018 (18) Alcala´ et al. 2017 (19) van Terwisga et al. 2018 (20) Pecaut & Mamajek 2016 (21)
Long et al. 2018b (22) Tazzari et al. 2017 (23) Loomis et al. 2017 (24) Kudo et al. 2018 (24) Cox et al. 2017
aFirst reference is for spectral type, second reference is for millimeter continuum observations of annular substructures
b Distances computed using Gaia parallaxes (Gaia Collaboration et al. 2018)
a larger number of rings. This raises the question of
whether the high prevalence of annular substructures
in the DSHARP sample signals ubiquity in the overall
disk population, or just among larger disks. It has long
been a puzzle how large protoplanetary disks persist
for Myr timescales when radial drift of millimeter-size
grains is expected to act quickly (e.g., Takeuchi & Lin
2002; Brauer et al. 2007). A possible solution is that
disk substructures impede radial drift, allowing large
disk sizes to be maintained (e.g., Whipple 1972; Pinilla
et al. 2012).
Surveys imaging smaller disks will be essential to de-
termine the extent to which disks of more typical sizes
resemble the DSHARP sources. However, if the small
disks are also optically thick out to radii of r ∼ 10 au,
then emission substructures may not be observable even
if surface density variations are present. Thus, non-
detections of substructures in small disks will need to
be interpreted carefully.
5.3.3. Relationship with age
The median age of the DSHARP sources is ∼ 1 Myr,
and the youngest sources have estimated ages of only a
few hundred thousand years (with the caveat that age
estimates have large uncertainties). The high prevalence
of annular substructures suggests that they form rela-
tively quickly in disks. Given how readily substructures
have been detected in Class II disks, a natural question is
whether some or all of these structures actually formed
while the sources were still embedded. Substructures
have been reported in a few Class I (or borderline Class
I/Class II) disks (ALMA Partnership et al. 2015; Cieza
et al. 2016; Sheehan & Eisner 2018), but a systematic
high angular resolution study of Class I disks will be
necessary to establish whether these substructures are
common at this earlier stage.
Not many disks older than a few Myr have been ob-
served at high angular resolution, but several older disks
(e.g., TW Hya, HD 143006, HD 142666, and HD 163296)
are known to have annular substructure. This suggests
either that these structures are long-lived in disks or that
their formation can take place at very different points
in the lifetime of a disk. Other than TW Hya, though,
the older sources have spectral types of G or earlier and
the younger sources are K or M stars, which makes it
difficult to isolate trends with disk age.
5.4. Possible origins of annular substructures
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5.4.1. Planets
The most popular hypothesis for the origin of annular
substructures in disks is that they result from gravita-
tional interactions between the disk and one or more
planets (e.g., Papaloizou & Lin 1984; Paardekooper &
Mellema 2004; Fouchet et al. 2010). Of the DSHARP
sources, the companion hypothesis has specifically been
explored for the AS 209, Elias 24, Elias 27, and HD
163296 disk via hydrodynamical simulations attempt-
ing to reproduce previous millimeter continuum obser-
vations (e.g Isella et al. 2016; Fedele et al. 2018; Teague
et al. 2018a; Dipierro et al. 2018; Pinte et al. 2018;
Meru et al. 2017; Forgan et al. 2018; Dong et al. 2018a),
although models of the Elias 27 disk have focused on
the spiral arms rather than the annular substructures.
Planet-disk interactions involving protoplanets ranging
from Saturn to Jupiter mass can reproduce the lower-
resolution observations, but the detection of additional
substructures in the DSHARP observations makes these
inferences worth revisiting. Zhang et al. (2018) perform
a parameter space study to estimate the planet masses
compatible with the gaps observed in the DSHARP sam-
ple.
Although large masses have been inferred for many
candidate protoplanets in disks with substructure, re-
cent works have explored the possibility that these sub-
structures are created instead by lower-mass planets
(i.e., super-Earths) in low-viscosity disks (e.g., Duffell
& MacFadyen 2013; Zhu et al. 2014; Dong et al. 2017;
Bae et al. 2017). Whereas each gap has to be opened by
a massive planet in higher-viscosity disks, a single planet
can open multiple gaps in low-viscosity disks. In particu-
lar, Zhu et al. (2014) and Dong et al. (2017) demonstrate
that a super-Earth can create a “double-gap” feature
wherein annular gaps open interior and exterior to its
orbit at a distance of about one pressure scale height. If
h/r ∼ 0.1, then potential “double gap” features among
DSHARP sources include D90:D105 in AS 209, D74:D98
in DoAr 25, D25:D33 in Elias 20, and D21:D29 in RU
Lup. What is particularly interesting about these pairs
is that they create “w-features” in the radial intensity
profile—that is, the intensity just interior and exterior
to the double gap region is comparable to or brighter
than the ring separating the two gaps, forming a section
in the radial profile that looks like the letter “w.” This
is not in general a trait of an arbitrary pair of consecu-
tive gaps in the DSHARP sample, but it is a predicted
characteristic of double gaps opened by a planet in a
low-viscosity disk.
Hydrodynamical simulations of planet-disk interac-
tions indicate that the eccentricity of annular substruc-
tures increases for more massive planets and for lower
disk viscosities (e.g. Lubow 1991; Kley & Dirksen 2006;
Zhang et al. 2018). Several disks have been proposed
to be eccentric based either on offsets between the mea-
sured centers of various features (ALMA Partnership
et al. 2015; Dong et al. 2018b) or residuals from subtract-
ing an axisymmetric model (Isella et al. 2016, 2018). For
the most part, the DSHARP substructures appear to be
concentric within the stated uncertainties of the fitted
ellipse center positions. The 1σ uncertainties in ∆x and
∆y are typically 1 − 3 mas each, translating to a few
tenths of an au at a typical distance of 140 au. For a
face-on disk with well-resolved substructure, offsets of
∼ 1 au between the centers of substructures should be
detectable. If taken to represent the distance between
the center of an eccentric substructure and the star at
one focus, this offset would correspond to an eccentricity
of ∼ 0.05 at r = 20 au and ∼ 0.01 at r = 100 au. In the
AS 209 disk, the measured center of B120 appears offset
from B74 by 6.5±1.4 mas (0.79±0.17 au), which might
suggest a very small eccentricity of ∼ 0.01 at r = 120
au. In practice, it is not straightforward to translate
measured offsets to eccentricities because vertical struc-
ture and optical depth complicate the apparent offsets of
substructures in inclined disks (e.g., Pinte et al. 2016),
and substructures with the same eccentricity will not
be offset from one another. Forward radiative transfer
modeling will be useful to search for more subtle signa-
tures of eccentricity. The inner rings of Sz 129 and HD
142666 may be worthy of further investigation due to
the asymmetries noted in Section 3.4. Isella et al. (2018)
also discuss possible eccentricity in the HD 163296 disk.
Of the substructures in the DSHARP targets, the ones
in the AS 209 and HD 163296 disk may present the most
intriguing case so far for originating from planet-disk
interactions. Substructures that have been observed in
CO isotopologue emission (Huang et al. 2016; Isella et al.
2016) may be indicative of gas surface density substruc-
tures created by a perturber. Teague et al. (2018a) also
find evidence of non-Keplerian gas motion coinciding
with the millimeter continuum substructures in the HD
163296 disk. In addition, Guidi et al. (2018) reported
the detection of a point source in L′ band within the D48
feature of the HD 163296 disk, although further obser-
vations will be necessary to establish whether the source
is a protoplanet. Further arguments for the planet-disk
interactions scenario for these two disks are discussed in
Guzma´n et al. (2018), Isella et al. (2018), and Zhang
et al. (2018).
5.4.2. Snowlines
Previously detected substructures in the HL Tau, TW
Hya, and HD 163296 disks have been hypothesized to
be due to volatile freezeout altering the coagulation
and fragmentation properties of dust grains (e.g., Zhang
et al. 2015; Okuzumi et al. 2016; Pinilla et al. 2017).
Within the DSHARP sample, the evidence does not
seem to point to a snowline origin for most of the sub-
structures. First, since the stellar luminosity plays a
central role in setting the thermal profile of the disk,
the radii of snowline-related substructures would be ex-
pected to scale with luminosity. However, as shown in
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Figure 2 and Figure 8, there is not an obvious corre-
spondence between the stellar luminosities/thermal pro-
files and the location of substructures. In addition, the
wide variations in the number of substructures identi-
fied in each disk would seemingly require that the ma-
jor volatile species differ from disk to disk. Furthermore,
as discussed in Section 4.3, the relative spacings of the
substructures do not suggest that they are primarily as-
sociated with snowlines. Of course, if only a single sub-
structure in each disk is related to a snowline, the rela-
tive spacings would not follow a pattern. However, since
most disks exhibit multiple annular substructures, this
would still mean that the majority of the substructures
are unrelated to snowlines.
On the other hand, ascertaining whether an individ-
ual substructure is related to a snowline is challenging.
To help distinguish between snowline and planetary ori-
gins, Pinilla et al. (2017) suggest comparing the mil-
limeter emission profiles to scattered light emission pro-
files—snowlines should not alter the gas surface density
and would therefore lead to scattered light substructures
that are wider and higher contrast than the millimeter
substructures. The emission gaps appear to be deeper
and wider at millimeter wavelengths for the AS 209,
HD 143006, MY Lup, and RU Lup disks compared to
scattered light observations, contrary to expectations for
snowline-created structure. In a complementary analy-
sis of several DSHARP sources, Dullemond et al. (2018)
find evidence for dust trapping in the high-contrast outer
rings in the AS 209, HD 163296, GW Lup, and Elias 24
disks based on comparisons between the ring widths and
pressure scale heights. This provides a further argument
against the snowline origin, which is not expected to cre-
ate the requisite gas pressure bumps to trap dust. Fi-
nally, while the annular substructures appear relatively
shallow and narrow in both scattered light and millime-
ter continuum emission for the IM Lup disk, Cleeves
et al. (2018) predict that the CO snowline is located
at r ∼ 40 au, whereas the annular substructures in the
IM Lup disk are detected well beyond r = 100 au. Even
given the large uncertainties associated with the thermal
profile, the IM Lup substructures appear to be much too
distant from the central star to be associated with a ma-
jor volatile snowline.
The lack of an obvious association between substruc-
ture and expected snowline locations is in line with sev-
eral other studies of disks. In a re-analysis of the thermal
structure of the HL Tau disk based on modeling multi-
band high resolution ALMA images, Pinte et al. (2016)
find that the disk substructures do not match with pre-
dicted snowline locations. van Terwisga et al. (2018)
show that the annular substructures in the V1094 Sco
disk occur at temperatures much lower than the freeze-
out temperatures of major disk volatiles. Most recently,
in an analysis of 12 disks in Taurus, Long et al. (2018a)
find that annular substructures have a large spread in ra-
dial locations and do not occur preferentially near snow-
lines.
5.4.3. The role of internal gas dynamics
Internal gas dynamics arising from the coupling be-
tween the magnetic field and the disk dust and gas may
also give rise to annular substructure formation. Zonal
flows due to MRI turbulence or spontaneous concentra-
tions of magnetic flux can lead to gas density variations
up to a few tens of percent across radial extents of sev-
eral pressure scale heights (e.g., Johansen et al. 2009; Bai
& Stone 2014; Simon & Armitage 2014), but there re-
main large uncertainties associated with the global mag-
netic flux evolution (e.g., Lubow et al. 1994; Okuzumi
et al. 2014; Guilet & Ogilvie 2014; Bai & Stone 2017).
An additional source of uncertainty is the extent of par-
ticle trapping within such gas substructures, so it is not
yet clear whether the extremely high contrast contin-
uum substructures observed in a few of the DSHARP
sources (AS 209, HD 143006, HD 163296, Elias 24) can
be created through these “magnetic” mechanisms. In
the dead zone scenario, the locations of annular sub-
structures in the dust and gas are associated with a tran-
sition in the disk’s radial resistivity profile that should
occur well under a radius of 100 au (e.g., Dzyurkevich
et al. 2010; Flock et al. 2015; Lyra et al. 2015; Ruge et al.
2016). The majority of the DSHARP substructures oc-
cur within r = 100 au, but a third of these disks have
substructures that lie outside the largest expected ra-
dial extent of a dead zone. Moreover, Ruge et al. (2016)
comment that vortices appear along with the ring struc-
tures in the majority of their simulations, whereas most
of the DSHARP disks do not have obvious asymmetric
features indicative of vortices.
Absent a direct detection of a planet, it is not ob-
servationally straightforward to distinguish between
planet-disk interactions and magnetohydrodynamic ef-
fects (e.g., Flock et al. 2015; Ruge et al. 2016). Studies
of molecular lines at high angular and/or spectral res-
olution could help to address some key uncertainties,
with some caveats. First, the strength and morphology
of magnetic fields in disks remain unknown, although
future measurements of Zeeman splitting could shed
some light (e.g., Brauer et al. 2017). Efforts have also
been made to constrain the disk ionization fraction via
observations of molecular ions (e.g., O¨berg et al. 2011c;
Teague et al. 2015; Cleeves et al. 2015), but identifying
the boundary of the dead zone is not straightforward
due to the relatively low angular resolution data avail-
able thus far and uncertainties about the abundances
of charge carriers that have not been detected. Studies
of turbulence via molecular line observations may also
help to characterize the overall disk gas dynamics, in-
cluding the extent of the dead zone, but degeneracies
with the thermal profile still pose a major challenge
(e.g., Flaherty et al. 2015; Teague et al. 2018b).
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5.4.4. Other hypotheses
The list of hypotheses for the origins of substructures
in disks is quite extensive. We briefly address a couple
additional hypotheses that are also of interest given the
characteristics of some of the DSHARP sources.
X-ray photoevaporation has been proposed as a mech-
anism for dispersing disks from the inside-out (e.g., Er-
colano et al. 2008; Owen et al. 2010; Ercolano et al.
2017). While this mechanism is not expected to gener-
ate the annular substructures observed in the DSHARP
sample, it could be responsible for the small inner
gaps/cavities observed in the HD 143006, HD 142666,
and Sz 129 disks.
Secular gravitational instability may create annular
substructures in disks with low turbulence, low gas-to-
dust ratios, and Toomre Q / 3 (e.g., Takahashi & In-
utsuka 2014). Few estimates exist for disk turbulence,
but the turbulent line broadening upper limits derived
for HD 163296 and TW Hya are less than a tenth of the
sound speed, which is considered weak (e.g., Flaherty
et al. 2015, 2018). Miotello et al. (2017) estimated that
the gas-to-dust ratio is less than 10 for RU Lup, GW
Lup, Sz 114, MY Lup, and Sz 129, which may make
them interesting candidates for secular GI. However,
Miotello et al. (2017) also present the alternative sce-
nario that the disks have normal gas-to-dust ratios but
are depleted in CO, yielding artificially low gas mass
estimates.
Overall, the planet-disk interaction scenario so far
seems best able to accommodate the diversity of sub-
structures in disks. Planets can form at any radius
where substructures are observed. The diverse exo-
planet masses measured offer a straightforward way to
explain the large variations observed in gap widths and
contrasts. Exoplanetary systems also contain differing
numbers of planets, which can help to explain the dif-
ferent number of substructures observed from disk to
disk. Even a given planet mass at a given radius can
create vastly differing dust substructures depending on
the disk viscosity and dust size distribution (e.g., Bae
et al. 2018). While certain individual substructures may
be associated with snowlines, the snowline scenario does
not seem flexible enough to explain the widely varying
number and locations of substructures from disk to disk.
More constraints on turbulence and magnetic field prop-
erties in disks will be needed to determine whether inter-
nal gas dynamics are sufficient to explain the presence of
annular substructures without invoking planets. Direct
imaging searches for planets and high angular and spec-
tral resolution molecular line observations will provide
additional key pieces of information for determining the
origins of disk substructures.
6. SUMMARY
We present a systematic analysis of annular substruc-
tures detected in high angular resolution millimeter
continuum observations of 18 single-disk systems from
DSHARP. The DSHARP observations suggest that pro-
toplanetary disk substructures are common and thus
must trace fundamental evolutionary processes in disks.
Our findings are as follows:
• Substructures are detected in the millimeter con-
tinuum of all 18 disks. Annular substructures are
identified in at least 17 disks and tentatively in an
eighteenth, making them far more common than
spiral arms and crescent-like azimuthal asymme-
tries. A minority of disks also feature other kinds
of substructures—spiral arms are observed in three
of these sources and crescent-like azimuthal asym-
metries in another two.
• The dust disk morphologies are diverse, with no
two disks having similar emission profiles. Sub-
structures can occur at essentially any disk radius
probed by ALMA, with features detected in the
inner 5 au of a disk and past radii of 150 au.
DSHARP detected both shallow, tightly packed
gaps and deep, well-separated gaps, sometimes
within the same disk.
• Annular substructures are observed in disks hosted
by stars across a range of luminosities, masses, and
accretion rates. No immediately obvious relation-
ships emerge yet between the substructure loca-
tions and stellar properties, although underlying
relationships may be obscured by the selection bias
toward bright disks.
• The relative spacings of the substructures and the
lack of an apparent correspondence to the thermal
profiles suggest that most annular substructures
do not trace the locations of snowlines, although
it is possible that some individual features are as-
sociated with snowlines.
• The observed annular substructures are reminis-
cent of features observed in simulations of planet-
disk interactions. In at least a few disks, some
morphological characteristics are particularly sug-
gestive, including substructures in possible mean-
motion resonances and “double gap” features re-
sembling hydrodynamical predictions for pertur-
bations by a planet in a low-viscosity disk.
This paper makes use of ALMA data
ADS/JAO.ALMA#2016.1.00484.L,
ADS/JAO.ALMA#2013.1.00694.S,
ADS/JAO.ALMA#2013.1.00226.S,
ADS/JAO.ALMA#2013.1.00366.S,
ADS/JAO.ALMA#2013.1.00498.S,
ADS/JAO.ALMA#2013.1.00601.S,
ADS/JAO.ALMA#2013.1.00798.S,
ADS/JAO.ALMA#2015.1.00486.S,
DSHARP II: Annular substructures 29
ADS/JAO.ALMA#2015.1.00964.S. We thank the ref-
eree for comments improving this paper and NAASC
and JAO staff for their advice on data calibration and
reduction. ALMA is a partnership of ESO (represent-
ing its member states), NSF (USA) and NINS (Japan),
together with NRC (Canada) and NSC and ASIAA
(Taiwan), in cooperation with the Republic of Chile.
The Joint ALMA Observatory is operated by ESO,
AUI/NRAO and NAOJ. The National Radio Astron-
omy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by
Associated Universities, Inc. J.H. acknowledges support
from the National Science Foundation Graduate Re-
search Fellowship under Grant No. DGE-1144152. S.A.
and J.H. acknowledge support from the National Aero-
nautics and Space Administration under grant No. 17-
XRP17 2-0012 issued through the Exoplanets Research
Program. C.P.D. acknowledges support by the German
Science Foundation (DFG) Research Unit FOR 2634,
grants DU 414/22-1 and DU 414/23-1. A.I. acknowl-
edges support from the National Aeronautics and Space
Administration under grant No. NNX15AB06G issued
through the Origins of Solar Systems program, and from
the National Science Foundation under grant No. AST-
1715719. L.P. acknowledges support from CONICYT
project Basal AFB-170002 and from FCFM/U. de Chile
Fondo de Instalacio´n Acade´mica. V.V.G. and J.C ac-
knowledge support from the National Aeronautics and
Space Administration under grant No. 15XRP15 20140
issued through the Exoplanets Research Program. Z.Z.
and S.Z. acknowledge support from the National Aero-
nautics and Space Administration through the Astro-
physics Theory Program with Grant No. NNX17AK40G
and the Sloan Research Fellowship. M.B. acknowledges
funding from ANR of France under contract number
ANR-16-CE31-0013 (Planet Forming disks). T.B. ac-
knowledges funding from the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020
research and innovation programme under grant agree-
ment No. 714769. L.R. acknowledges support from the
ngVLA Community Studies program, coordinated by
the National Radio Astronomy Observatory, which is
a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities,
Inc.
Facilities: ALMA
Software: analysisUtils (https://casaguides.
nrao.edu/index.php/Analysis Utilities), AstroPy (As-
tropy Collaboration et al. 2013), CASA (McMullin et al.
2007), emcee (Foreman-Mackey et al. 2013), matplotlib
(Hunter 2007), scikit-image (van der Walt et al. 2014),
scikit-learn (Pedregosa et al. 2011), SciPy (Jones et al.
2001)
APPENDIX
A. AZIMUTHAL ANGLE CONVENTION
This section describes the azimuthal angle convention used for the deprojected coordinate system throughout the
DSHARP papers. The positive y-axis of the deprojected coordinate system is rotated east of north by the position
angle of the disk. The polar angle increases in the clockwise direction (i.e., if the position angle of a disk is 0◦, then
θ = 90◦ is in the direction of increasing declination and θ = 0◦ is in the direction of increasing right ascension). This
is diagrammed in Figure 11 for the GW Lup disk.
B. SUBSTRUCTURE WIDTH DEFINITIONS
A schematic for substructure width definitions is presented in Figure 12. Case 1 is the standard scenario described
in Section 3.2. In Case 2, the peak of a ring immediately interior to a gap has a lower intensity value than Imean, so
rd,i is set equal to rb,o for the interior ring. This applies to the B97-D105-B120 sequence in the AS 209 disk and the
B72-D77-B85 sequence for the HL Tau disk. In Case 3, the trough of a gap exterior to a ring has a higher intensity
value than Imean, so rb,o is set equal to rd,i for the exterior gap. This applies to the D34-B40-D44 sequence in the HL
Tau disk.
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